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, Recent astrophysical observations of quasar absorption systems indicate that the fine 

structure constant a and the proton-electron mass ratio fi may have evolved through the 

' history of the universe. Motivated by these observations, we consider the cosmological 

evolution of a quintessence-like scalar field cj> coupled to gauge fields and matter which 

leads to effective modifications of the coupling constants and particle masses over time. 

We show that a class of models where the scalar field potential V(4>) and the couplings to 

Q ' matter B(<j>) admit common extremum in <j> naturally explains constraints on variations 

5-H ' of both the fine structure constant and the proton-electron mass ratio. 
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1. Introduction 



Recent observations show non-vanishing time variation of the fine structure con- 
stant a by use of the relativistic shifts of atomic energy levels in quasar absorption 
spectrsPand nontrivial time evolution of the proton-electron mass ratio fi = m p /m e 
from the observations of H2 spectral lines in quasars 

However there have been attempts to detect a variation in a using similar meth- 
ods^! that has shown null results so far. This rather controversial situation becomes 
even more complicated if other constraints on Aa/a are taken into account^. The 
Oklo natural reactor and meteoritic abundances of rhenium provide stringent con- 
straints on the change of the coupling constants that goes back to z ~ 0.1 — 0.4 
However, a recent re-analysis of Oklo phenomenon suggested that the present 
data are consistent with the non-zero change of Aa/a — 4.5 x 10~ 8 ^. 

In spite of its question able status of the non-zero claim for Aa/a there have 
been a number of attempts i[ 10 | ll | 12 | 13 | 14 | 15 | 16 | 17 | I l| to build s i mp i e mo dels that 

could account for a possible O(10 -5 ) relative shift in the fine structure constant at 
redshifts z ~ 1. The Bekenstein model with a scalar field coupled to both the 
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electromagnetic field and dark matter I 14 | 17 | 18 ] can drive the time evolutions of fine 
structure constant and masses. 

In quintess ence m odels, which is one of the most commonly proposed candidates 
for dark ener gyUU12Q| t explain the curren t accelerating uniyers w e can naturally 
have th e chan ge of the coupling constanl P^^4|25 | 26|27|28 | 29 | 30 | an( j masses f 
particleJ2H221 over cosmological times due to the interaction of quintessence field 
with gauge fields and matter. 

In this paper we consider the scalar field in the Bekenstein model as a 
quintessence field to check the time variations of the fine structure constant and 
the proton-electron mass ratio. As the extension of our previous papeJ^Sl, we briefly 
show the result of the cosmological evolution of the dark energy and dark matter en- 
ergy density over the redshift. We show that the cosmology of coupled quintessence 
models with a common extremum in V(ip) and gauge and matter/gauge couplings 
Bi(ip) which can be consistent with all observational requirements. This paper is 
organized as follows. In the next section we introduce our model and display the 
necessary cosmological equations. In sections 3, we make predictions for the vari- 
ation of the coupling constants. We consider the time varying masses in section4. 
Section 5 is devoted to the conclusions. 



2. Cosmological Evolution of the Coupled Scalar Field 

The action including the interaction of a dimensionless light scalar field cj> with 
matter and gauge fields is given by, 

+ ]T[^^ - j- (!) 

where M — Mp/y/Sn is the reduced Planck mass, BFi(4>) represents the in- 
dependence of the gauge couplings in Standard Model where the sum is over all 
three groups, ipj represents both Standard Model fermions and other matter field 
(i.e. scalar Higgses, Majorana neutrinos etc.). Since couples to the trace T£ of 
dark matter, our results arc independent of the nature of the dark matter particles 
(scalars or fermions). 

Given a potential V ((/)), the perfect fluid energy density and pressure contribu- 
tions due to 4> are: 

P0 = l -M 2 tf + V(cb) (2) 

p - ^Af 2 2 - 1/(0) = u m , (3) 

where the parameter is the equation of state (EOS) of the scalar field. By includ- 
ing the scalar field, we have the following Friedmann equation in a Robertson- Walker 
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Universe, 

fl9= 3^(^ + /V + AB ) S 3S5 P " (4) 

where H — a/ a is the Hubble expansion rate, p r and p m is the energy density of 
radiation and matter, and p cr is the critical energy density. Notice the ^-dependence 
of the energy density of matter, i.e. p m = J2j Bj(4>) m j < ^ji^j >= Ylj ^j{4>) m j n j- 
Using these definitions, we can write the scalar field equation, 

<t>+ ^ + w^ = -w^r Pm ' (5) 

For cosmological studies that span a large range of rcdshifts z, it is convenient 
to introduce the variable x as the logarithm of the scale factor a, 

x = In a = — ln(l + z) (6) 

where we choose the present scale factor = 1. With the use of the variable x, 
we can rewrite the relevant system of equations for d In pi /dx in the following form, 

din p r 



dx 



-3(1 + w r ), (8) 



dx ^ d(j) dx ptj, ' 

where uj r = 1/3 and u m = should be used for radiation and matter respectively. 
The derivative of <j> with respect to x can be obtained from Eq ([2]) , 



dx 



2 

= 3f^(l+u^), (10) 



If is close to —1, the kinetic energy of the scalar field goes to zero which occurs 
when the scalar field is close to the minimum of the potential. 

When the change in B m (4>) is not small and cannot be neglected, the scal- 
ing of the matter energy density differs from usual a~ 3 behavior because of the 
changing mass, due to B m (4>), while the scaling of radiation energy density remains 
unchanged, 

B m U{x)\ 

p m (x)=p$a- 3 ) f, and p r (x) = p^a' A (11) 



B m (0(O) 



p r = ^^H Pm (12) 
a B, ' 
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Fig. 1. The cosmological evolution of the equation of state parameter, u^, and the energy density 
parameters, f^, of each component for A = 5 when n = 10 — 3 . a) When the potential is V = 
Vbexp(A</> 2 /2). b) For the V = V cosh(A0) potential. 



With the use of these relations, we find 



dln(l - fi^) 
dx 

<iln(l — LUcj,) 
dx 



where 



we 



3(1 
have 



(c) 

dlnV dd> 
-I — • 

dtp dx 
introduced 



a + a eq 



d\nB n 



{Id, 



a + afq 



dx 

dla.Br> 



(13) 
(14) 



auxiliary 



dx 
function. 



afq (</>) = a eq B m (^(x eq )j B' 1 (j>(x)) . 

We assume that all functions Bi((f>) and V{<j>) admit a common extremum, which 
is a generalization of Damour-Nordtvedt and Damour-Polyakov constructions^EH 
Near this extremum, all functions admit an expansion 
1 



Bi{<f>) =1 + Ci0+^ + 



V^) = V o (l + \0+^ 2 + ...), (15) 

where £, £i an d ^ are dimcnsionless parameters, while Vq is of the order of the dark 
energy density today. 

We consider two simple potentials V(cf>) and follow the same ansatz for functions 
Bi(4>) as in our previous work^. 

^ (16) 

(17) 

(18) 



case A : V(4>) — Vo ex P 
case B : V{4>) = Vo cosh(X(f>) 

bi + V(4>)/Vo\ 



where 6; + 1 > 



We show the cosmological evolution of the equation of state parameter, lua,, and 
the energy density parameters, Qi, of each component for both potentials in Fig. [1] 
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Fig. 2. a. The evolution of Aa/a over the redshift range < z < 3 driven by the potential 116> . 
Panels a) and b) use the common normalization Aa/a = —0.54 X 10 — 5 at z = 3. Figures c) and 
d) use the common normalization Aa/a = —0.06 X 10~ 5 at z = 1.5. The solid lines correspond to 
the choice £ = and f ^ 0, whereas the dashed-dotted lines allow C 7^ 0- 

In this figure we u se A = 5 and n = 10~ 3 which is a reasonable value adopted from 
previous work^. 



3. Time Variation of the Fine Structure Constant 

To study the cosmological evolution of the fine structure constant we use the fol- 
lowing relation between Bp and a, 



Aa(z) _ a(z) - a(0) B F ((f)(0)) 



a 



a(0) 



B F ((f>(z)) 



1. 



(19) 



Note that the present value of the field (f)(0) is close to zero. 

In Fig. [3] and Fig. [3J we show the late-time evolution of a for the potentials 
considered in the previous section. These figures are adopted from the previous 
works For the late time evolution of a we can use the expansion of Bp ((f)) given 
in (|15p . In this case, the expression for A (a) takes the following simple form, 



(20) 
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Fig. 3. As in Fig.[2]for the potential Q2] Here A = 4,4.5, and 5. 



where we dropped the subscript F in £p to be concise. Using the result of the 
previous section, we can predict the evolution of a over redshift in terms of two 
parameters, £ and A. We choose two characteristic values of £, based on two QSO 
results. To be consistent with the non-zero result for Aa by Murphy et al. we 
choose £ in such a way that Aa/a = —5.4 x 10~ 6 at a redshift of 3. Another 
option that we explore is |Aa/a| < 6 x 10~ 7 at z = 1.5, which is motivated by the 
experimental accuracy of Chand ~et al. El. For definiteness, in the second case we 
choose Aa/a = -7x 10 -6 . 



4. Time Variation of The Proton-Electron Mass Ratio 

The proton-electron mass ratio evolves by the following simple relation between B m 
and [i in our consideration, 

Aji m p (z)/m e (z) - m p (0)/m e (0) _ B p {cj>{z)) B e {cp{0)) m) 
f i m p (0)/m e (0) B e ((f>(z)) B p ((f>(0)) ' 1 ' 

We can find the coupling strength n for the each potential when we adopt the 
result of one of the recent observation EI around z ~ 2.8, 

— = (2.4 ±0.6) x 10~ 5 . (22) 
M 
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Fig. 4. The cosmological evolution of the proton-electron mass ratio Afi/fj,. a) For the exp(A</> 2 /2) 
potential, n = 2.5 X 10 -5 . b) n = —2.8 X 10~ 5 for the cosh(A</>) potential. 



In Fig.21 we show the cosmological evolution of the proton-electron mass ratio with 
the derived coupling constants n for each potential. In the left panel of the figure we 
show the cosmological evolution of A/z//z for the exponential potential. We find the 
coupling constant n — 2.5~ 5 for this potential. The right panel of the figure shows 
the time variation of A/if/j, for the cosh-potential where we find n = —2.8 x 10 -5 . 



5. Conclusions 

We have analyzed the cosmological evolution of the scalar field driven by its self- 
interaction potential, V (</>), and its possible couplings to matter, B m (</>). 

We have seen that the coupling of the scalar field to the electromagnetic field 
and to matters can explain the recent observations. They can explain the time 
evolutions of the fine structure constant and the proton-electron mass ratio. Our 
models by use of quintessence couplings to gauge fields and matters can pass the 
all the current known experimental limits. 
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